ABSTRACT Background: The trimethylamine-containing nutrient phosphatidylcholine is the major dietary source for the gut microbiota metabolite trimethylamine-N-oxide (TMAO), which has been related to cardiovascular diseases (CVDs) and mortality. Previous research suggested that the relation of TMAO with CVD risk might be stronger in diabetic than in nondiabetic populations. However, the evidence for an association of dietary phosphatidylcholine with CVD and mortality is limited. Objectives: We aimed to examine whether dietary consumption of phosphatidylcholine, which is mainly derived from eggs, red meat, and fish, is related to all-cause and CVD mortality in 2 cohorts of US women and men. In particular, we also tested if such an association was modified by diabetes status. Design: We followed 80,978 women from the Nurses' Health Study and 39,434 men from the Health Professionals Follow-Up Study , who were free of cancer and CVD at baseline, for mortality. Dietary intakes and potential confounders were assessed with regularly administered questionnaires. We used Cox proportional hazards models to estimate HRs and 95% CIs. Results: We documented 17,829 all-cause and 4359 CVD deaths during follow-up. After multivariate adjustment for potential confounders, including demographic factors, disease status, lifestyle, and dietary intakes, higher phosphatidylcholine intakes were associated with an increased risk of all-cause and CVD mortality. HRs (95% CIs) comparing the top and bottom quintiles of phosphatidylcholine intake were 1.11 (1.06, 1.17; P-trend across quintiles , 0.0001) for all-cause mortality and 1.26 (1.15, 1.39; P-trend , 0.0001) for CVD mortality in the combined data of both cohorts. The associations of phosphatidylcholine with all-cause and CVD mortality were stronger in diabetic than in nondiabetic participants (P-interaction = 0.0002 and 0.001, respectively). Conclusion: These data suggest that higher phosphatidylcholine consumption is associated with increased all-cause and CVD mortality in the US population, especially in patients with diabetes, independent of traditional risk factors.
INTRODUCTION
Several previous studies found that elevated blood concentrations of trimethylamine-N-oxide (TMAO) 8 significantly predicted the risk of cardiovascular disease (CVD) and mortality in prospective cohorts (1) (2) (3) . TMAO is produced mainly through metabolism by the gut microbiota of trimethylamine-containing nutrients, especially phosphatidylcholine (1, 2) . In mice, higher dietary phosphatidylcholine led to increases in plasma concentrations of TMAO and eventually promoted atherosclerosis (1) . In humans, a dietary phosphatidylcholine challenge induced increased postprandial concentrations of TMAO in both blood and urine samples (3) . However, the evidence for an association of dietary phosphatidylcholine with CVD and mortality in humans is limited.
In our recent analyses, dietary phosphatidylcholine intake was consistently associated with an increased risk of type 2 diabetes in 3 US populations (4) . Furthermore, patients with type 2 diabetes had a 2-to 3-fold higher risk of CVD, cardiovascular-specific mortality, or premature mortality than did the general population (5, 6) . Thus far, the exact pathogenic mechanisms underlying this increased risk are not fully understood. A previous study showed that the risk of incident major adverse cardiovascular events, including mortality attributable to increased blood TMAO concentrations, appeared to be greater in diabetic patients than in 1 Supported by the NIH (UM1 CA186107, R01 HL034594, UM1 CA167552, and R01 HL35464); the National Heart, Lung, and Blood Institute (HL071981, HL034594, and HL126024); the National Institute of Diabetes and Digestive and Kidney Diseases (DK091718, DK100383, and DK078616); the Boston Obesity Nutrition Research Center (DK46200); and United States-Israel Binational Science Foundation grant 2011036. 2 Supplemental Table 1 is available from the "Online Supporting Material" link in the online posting of the article and from the same link in the online table of contents at http://ajcn.nutrition.org.
*To whom correspondence should be addressed. E-mail: lqi1@tulane.edu.
those without diabetes (HRs comparing the top and bottom quintiles of TMAO concentrations were 2.5 and 1.6 in diabetic and nondiabetic subjects, respectively) (3).
In the current study, we prospectively examined the association between dietary phosphatidylcholine intake and mortality, especially CVD-specific mortality, among US women and men from 2 large cohorts: the Nurses' Health Study (NHS) (7) and the Health Professionals Follow-Up Study (HPFS) (8) . In particular, we further assessed whether this association was stronger in diabetic than in nondiabetic populations.
METHODS

Study population
The NHS cohort began in 1976 with the recruitment of 121,700 female registered nurses, aged 30-55 y, residing in 11 large US states. The medical history, lifestyle information, and disease diagnosis were updated every 2 y with the use of a validated questionnaire (7) . The HPFS cohort is a prospective cohort of 51,529 US male health professionals, aged 40-75 y, who returned a questionnaire on diet and medical history in 1986 (8) . Detailed descriptions of these cohorts have been presented elsewhere (9, 10) . In both cohorts, questionnaires were administered at baseline, as well as biennially after baseline, to collect and update information on lifestyle practices and the occurrence of chronic diseases. The follow-up rates of the participants in these cohorts are all .90%. In the current dietary analysis, we excluded men and women who had diagnoses of CVD (including stroke, myocardial infarction, angina, and/or coronary revascularization) or cancer at baseline (1980 for NHS and 1986 for HPFS, when dietary information was first collected) or who reported unusual total energy intakes (i.e., ,800 or .4200 kcal/d for men and ,500 or .3500 kcal/d for women).
We defined diabetic participants by using their self-reported diabetes status and included their person-time beginning at either baseline for participants with prevalent diabetes or when a questionnaire that reported a diagnosis of diabetes was returned for participants with incident diabetes during the follow-up period. Participants who developed CVD or cancer before and/or at the same time of diagnosis of type 2 diabetes between the baseline questionnaire and the end of this study period (1 June 2012 for the NHS and 31 January 2012 for the HPFS) were also excluded. The final study sample included 80,978 women and 39,434 men. The present study was approved by the institutional review board at Brigham and Women's Hospital, and the return of the questionnaires implied informed consent.
Confirmation of type 2 diabetes
Participants who reported a diagnosis of type 2 diabetes on the main questionnaire were mailed a supplementary questionnaire with regard to symptoms, diagnostic tests, and hypoglycemic therapy. National Diabetes Data Group criteria (11) were used to diagnose type 2 diabetes before the release of the American Diabetes Association criteria in 1997. The American Diabetes Association diagnostic criteria were adopted to diagnose cases of type 2 diabetes during the 1998 and 2012 cycles (12) . Our validation study showed that 98% of the self-reported cases of type 2 diabetes were confirmed by review of medical records in women (13) and in men (14) . The diagnostic criteria that we used have been reported in detail elsewhere (15) .
Outcome ascertainment
The endpoints in this study included all-cause and CVD mortality. The ascertainment of death was documented in a previous study (16) . Briefly, deaths were reported by next of kin or the postal system or identified through the National Death Index. We estimated previously that follow-up for deaths was .98% complete (17) . We obtained death certificate copies and medical records and determined causes of death according to the International Classification of Diseases, Eighth Revision, and we specifically considered deaths due to CVD (codes 390.0-458.9 or 795.0-795.9). CVD is defined as a composite of coronary artery disease and stroke (nonfatal or fatal). Coronary artery disease is defined as a composite of nonfatal or fatal myocardial infarction or fatal coronary artery disease. Briefly, the incidence of nonfatal myocardial infarction and stroke was ascertained from the biennial follow-up questionnaires and confirmed by reviewing medical records with the WHO criteria for myocardial infarction (18) or the National Survey of Stroke criteria for stroke (19) . Fatal cases of coronary artery disease and stroke were identified if coronary artery disease or stroke was listed as the cause of death in multiple sources, including autopsy reports, hospital records, and death certificates.
Assessment of diet and covariates
The women in the NHS completed a food-frequency questionnaire (FFQ) first in 1980 and again in 1984, 1986, 1990, 1994, 1998, 2002, and 2006 . We assessed dietary information by using the FFQ from 1986 to 2006 in the HPFS, which was administered every 4 y in the cohort. Participants were asked how often, on average, they had consumed each type of food during the past year. Serving sizes were specified for each food in the FFQ. The questionnaire had 9 possible responses, ranging from never or ,1 time/mo to $6 times/d. Nutrient intakes were calculated by multiplying the frequency of intake for each food by its nutrient content and summing these products across all food items.
Information on the major food items containing phosphatidylcholine was obtained from the USDA database (http://www. ars.usda.gov/ba/bhnrc/ndl) (20) and from values published by Zeisel et al. (21) . Our previous data showed that dietary phosphatidylcholine is derived mainly from intakes of egg, red meat, and fish (4) . We used the regression-residual method to adjust nutrient intakes for total energy intake (22) . Intakes of choline and betaine measured by our FFQ predicted plasma total homocysteine concentrations in the NHS (23) , which indicated the validity and biological relevance of intakes of choline and its derivatives measured by the FFQ.
Information on potential confounders, including age, race, marital status, BMI, family history of diseases, smoking status, alcohol consumption, physical activity, medication use, menopausal status and postmenopausal hormone therapy use for women, and a history of major disease conditions, including diabetes, hypertension, hypercholesterolemia, cancer, and coronary artery bypass graft, was collected via regular biennial questionnaires throughout follow-up of the NHS and the HPFS.
Statistical analysis
Person-time was calculated for each participant from baseline to the occurrence of death or the end of the study period (1 June 2012 for the NHS and 31 January 2012 for the HPFS). Cox proportional hazards regression was used to examine the associations between dietary phosphatidylcholine and all-cause and CVD mortality. To represent the long-term intake of dietary factors and to reduce measurement error, we conducted analyses with the use of updated dietary data by taking the average of all available previous dietary questionnaires (24) . The consumption of phosphatidylcholine was categorized into quintiles in each cohort, and the median values in each quintile were used to test for linear trends of associations across the quintiles. Nondietary covariates were updated at each biennial follow-up cycle. Multivariable models were first adjusted for the following factors (model . In model 2 we further adjusted for cumulative averages of dietary factors including total energy, ratio of dietary polyunsaturated to saturated fat, and intakes of trans fat (all in quintiles). Modeling of multiplicative interaction terms for age and quintiles of dietary phosphatidylcholine intake did not suggest that the proportional hazards assumption was violated (P-interaction . 0.05). We further conducted the above-mentioned analysis in diabetic and nondiabetic participants separately.
In sensitivity analyses, we also further mutually adjusted for the following: 1) major food sources of phosphatidylcholine, including eggs, red meat, and fish, and 2) major nutrients involved in the phosphatidylcholine metabolism including folate, vitamin B-12, and choline. To minimize residual confounding, we performed additional stratified analyses by age (,60 or $60 y), BMI (,30 or $30), current smoker (yes or no), current alcohol consumer (yes or no), physical activity (low or high; the cutoff was the median in each cohort), and the major food sources of phosphatidylcholine (i.e., eggs, red meat, and fish; low or high intakes; the cutoff was the median in each cohort). The interaction between phosphatidylcholine and the above factors on all-cause mortality was assessed by testing the significance of the multiplicative interaction term in model 2. Because no significant heterogeneity between cohorts was found, we combined the 2 cohorts and present the results with further adjustment for sex. In addition, we analyzed the associations of phosphatidylcholine intake with incident CVD and incident coronary artery disease in our study population.
The SAS statistical software was used for all analyses (SAS version 9.3 for UNIX; SAS Institute). Significance was set at a 2-tailed a level of 0.05.
RESULTS
Characteristics of diabetic cohorts at baseline
Overall, there were 80,978 women from the NHS and 39,434 men from the HPFS included in the current analysis. The mean intake of dietary phosphatidylcholine was, in general, comparable between men and women. Compared with participants who had lower intakes of dietary phosphatidylcholine, those who had higher intakes were more likely to have a higher BMI, consume less alcohol, be more likely to have type 2 diabetes, and consume more eggs and fish in both cohorts ( Table 1) .
Dietary phosphatidylcholine intake and mortality in the general population During up to 32 y of follow-up in the NHS (2,078,089 personyears), we confirmed 11,114 deaths; during up to 26 y of followup in the HPFS (744,688 person-years), we confirmed 6715 deaths. The crude all-cause mortality rate appeared to be higher in men than in women in each of the quintiles of dietary phosphatidylcholine intake. In age-adjusted analyses, we observed that dietary phosphatidylcholine intake was associated with a higher risk of all-cause mortality in both the NHS and the HPFS (both P-trend , 0.0001; Table 2 ). The associations were attenuated but remained significant after multivariate adjustment in model 1. Additional adjustment for other dietary factors (i.e., dietary intakes of energy and trans fat and ratio of polyunsaturated to saturated fat) further attenuated the observed HR, but the association in both cohorts remained significant (multivariate model 2). In the combined results, the associations between phosphatidylcholine intakes and all-cause mortality were significant in all of the age-and multivariate-adjusted models tested. In multivariate model 2 of the combined cohorts, HRs (95% CIs) across quintiles of phosphatidylcholine intakes were 1.00 (reference), 1.02 (0.97, 1.07), 1.01 (0.96, 1.07), 1.07 (1.02, 1.13), and 1.11 (1.06, 1.17) (P-trend , 0.0001); each 100-mg/d higher phosphatidylcholine intake was associated with an 8% (95% CI: 5%, 11%) increment in all-cause mortality.
We then performed sensitivity analyses to further adjust for the 3 major food sources of phosphatidylcholine (red meat, eggs, and fish) in the model and found that participants in the top quintile of phosphatidylcholine intake still had a 7% (95% CI: 2%, 13%) higher risk of all-cause mortality than those in the bottom quintile in the combined analysis, and the linear trend across quintiles was retained (P-trend = 0.002). When we further adjusted for the main nutrients of folate, vitamin B-12, and choline, the associations remained similar (P-trend = 0.03). We also excluded participants who took lecithin (phosphatidylcholine) supplements, and the results did not materially change (data are not shown). The risk of death attributable to a higher intake of phosphatidylcholine (above the cohort-specific median) was 1.66% in the combined data set.
We analyzed the associations of dietary phosphatidylcholine with all-cause mortality in strata by major risk factors and food sources of phosphatidylcholine ( Figure 1) . The various risk profiles defined by age, physical activity, smoking, alcohol intake status, and consumption of major phosphatidylcholine-containing foods did not significantly modify such associations (P-interaction . 0.5). However, the association of dietary phosphatidylcholine with all-cause mortality was stronger among obese participants than in those who were not obese (P-interaction , 0.0001).
In the NHS and the HPFS, there were 2297 and 2060 deaths confirmed to be due to CVD, respectively. The crude CVDspecific mortality rate was higher in men than in women. Dietary phosphatidylcholine intakes were associated with a higher ageand multivariate-adjusted risk of CVD-specific mortality in both cohorts (P-trend , 0.0001) ( Table 3) . Women and men in the top quintile of phosphatidylcholine intake tended to have 19% and 39% higher RRs (95% CIs: 5%, 35%, and 20%, 61%, respectively) of CVD-specific mortality than those in the bottom quintile. In the combined results from model 2, HRs (95% CIs) across quintiles of phosphatidylcholine intakes were 1.00 (reference), 1.09 (0.98, 1.21), 1.03 (0.93, 1.14), 1.07 (0.97, 1.18), and 1.26 (1.15, 1.39) (P-trend , 0.0001). Each 100-mg/d higher phosphatidylcholine intake was significantly related to a 13% (95% CI: 7%, 19%) increment in CVD-specific mortality after adjustment for covariates from women and men combined. Further adjustment for the major food sources of phosphatidylcholine or the main nutrients involved in phosphatidylcholine metabolism did not change the results meaningfully (P-trend , 0.0001 and = 0.002 in the combined data set). Values were not age adjusted. 4 Serving sizes: red meat = 4 oz.; eggs = 1 whole egg; fish = 4 oz.
Dietary phosphatidylcholine intake and mortality among diabetic and nondiabetic populations
We documented 2533 all-cause deaths and 799 CVD-specific deaths from 12,769 diabetic participants, and 15,296 all-cause deaths and 3558 CVD-specific deaths from 110,630 nondiabetic participants. In the combined population of men and women, the diabetic participants in the top quintile of phosphatidylcholine intake had a 24% increased risk of all-cause mortality and a 67% Covariates included in the analysis were: age; BMI (kg/m 2 ); white race (yes or no); marital status; menopausal status and postmenopausal HRT (women only); family history of CVD; smoking status and smoking pack-years; alcohol consumption; physical activity; the presence of diabetes, hypertension, or hypercholesterolemia; regular aspirin use (yes or no); dietary intakes of energy and trans fat; and the ratio of polyunsaturated to saturated fat. We used Cox proportional hazards models to estimate HRs and 95% CIs with updated dietary measurements from the combined data set of both the NHS and the HPFS.
y Cutoffs are the cohort-specific median value. CVD, cardiovascular disease; HPFS, Health Professionals Follow-Up Study; HRT, hormone replacement therapy; NHS, Nurses' Health Study.
increased CVD-mortality risk, whereas the nondiabetic participants in the top quintile had a 9% increased all-cause mortality risk and a 19% increased CVD-specific mortality risk than those in the bottom quintile in each population ( Table 4) . Diabetes status modified the association of dietary phosphatidylcholine with risks of all-cause and CVD-specific mortality (P-interaction = 0.0002 and 0.001, respectively).
Dietary phosphatidylcholine and incident diseases
For the associations of dietary phosphatidylcholine intake with incident CVD and incident coronary artery disease, the overall results were not significant (Supplemental Table 1 ).
DISCUSSION
In the current prospective study in 80,978 women and 39,434 men who were followed for up to 32 y, we observed that higher habitual dietary intakes of phosphatidylcholine were associated with an increased risk of all-cause mortality, especially CVDspecific mortality. Such associations were independent of traditional CVD risk factors.
Phospholipid phosphatidylcholine is a major dietary source of choline and trimethylamine, which are metabolized into circulating TMAO via intestinal microbiota-dependent mechanisms (1, 2, 25) . Compelling evidence suggests that circulating TMAO might advance atherosclerosis by disturbing the clearance of cholesterol in the liver (3), and higher blood TMAO concentrations have been related to an increased risk of CVD and mortality (1, 25) . Other putative mechanisms may involve upregulation of macrophage scavenger receptors, augmented macrophage cholesterol accumulation, and foam cell formation, which result in increased inflammation and oxidation of LDL cholesterol (1).
Our results are consistent with previous findings that suggest an association between circulating metabolites of dietary phosphatidylcholine and increased risk of CVD (1, 3). Wang et al. (1) found that plasma concentrations of metabolites (including TMAO) from dietary phosphatidylcholine via a gut microbiotarelated nutrient metabolism pathway were highly predictive of CVD risk. Furthermore, elevated circulating TMAO concentrations were also associated with an increased risk of major cardiovascular events, including mortality, in another larger cohort study (3) . Our study extends these findings by suggesting that the dietary sources of such gut microbiota-related metabolites may also be related to mortality. Our previous results (4) showed that participants in the top quintile of dietary phosphatidylcholine intakes had a 34% (95% CI: 27%, 44%) higher risk of type 2 diabetes than those in the bottom quintile intakes. Taken together with these findings, our data suggest that nutrient pathways via gut microbiota metabolites are likely involved in other clinical outcomes, such as diabetes and mortality.
Although, to our knowledge, no epidemiologic study has assessed the association of dietary phosphatidylcholine intake with cardiovascular and mortality risk thus far, several studies have reported inconsistent associations between dietary intakes of total choline and the risk of coronary artery disease (26) (27) (28) . Phosphatidylcholine is the major dietary source of choline (20) , contributing to w54% of choline intake in both of our cohorts. Various choline sources might differentially affect CVD and mortality, although our data show that phosphatidylcholine is likely to be the nutrient of the most importance.
The associations of dietary phosphatidylcholine with all-cause and CVD-specific mortality were stronger among diabetic than in nondiabetic participants, although in both populations such associations were all significant. Our observation is in line with the previous finding that the association of increased blood TMAO concentrations with CVD risk appeared to be stronger in diabetic patients than in those without diabetes (1) . The associations of dietary phosphatidylcholine with all-cause and CVD-specific mortality appeared to be consistent in both men and women. This observation is in line with a previous report that the associations of TMAO concentrations with composite risk of incident CVD and mortality were comparable, in general, between sexes (3). The extreme quintile HR of CVD-specific mortality appeared to be slightly stronger than that of all-cause mortality in the combined results, which is in accordance with our hypothesis that the effects of dietary phosphatidylcholine on mortality are mainly through its effects on CVD. Our results on incident CVD and incident coronary artery disease analyses showed attenuated and nonsignificant associations compared with those from the mortality analyses, suggesting that the effects of dietary phosphatidylcholine intake may be stronger on CVD prognosis than on CVD development.
To our knowledge, our study is the first large prospective study to assess the association of dietary phosphatidylcholine intakes with the risk of all-cause and CVD-specific mortality in general US populations and, in particular among diabetic patients, who have a higher risk of CVD and premature mortality than the general population. The strengths of our study include the large sample size, long-term follow-up, the specific diabetic study population, and detailed information on dietary and lifestyle factors. Furthermore, we used cumulative average dietary measurements of phosphatidylcholine intake with the use of repeated FFQ data to reduce measurement errors and to capture long-term dietary exposure.
We acknowledge several limitations of our study. First, similar to other observational studies, we could not show causality, although reverse causality is less likely when mortality is analyzed as the outcome. Second, we did not have a direct measure of circulating TMAO or the correlation of dietary phosphatidylcholine with circulating TMAO in our study. However, previous There were 12,769 diabetic participants and 110,630 nondiabetic participants included in this analysis (a participant could contribute to the analysis among the nondiabetics before he or she developed diabetes and then contribute to the analysis among patients with diabetes). P-interaction values for overall mortality and for CVD mortality were 0.0002 and 0.001, respectively. CVD, cardiovascular disease; HPFS, Health Professionals Follow-Up Study; HRT, hormone replacement therapy; NHS, Nurses' Health Study. studies in humans and in mice consistently indicated close correlations (1, 3) . Third, higher intakes of phosphatidylcholinecontaining foods, such as eggs and red meat, may be correlated with a cluster of unhealthier dietary and lifestyle habits (e.g., more smoking, less physical activity, and a higher BMI). Although we adjusted for the lifestyle and dietary factors known to be associated with CVD and mortality, the potential of uncontrolled and unmeasured confounders might still remain. In addition, blood homocysteine concentrations might be involved in our observed association between phosphatidylcholine intakes and mortality. However, we were not able to explore this hypothesis in the current analysis, because we had measurements of circulating homocysteine concentrations in only a small sample of our population (29) . Furthermore, because the present study was conducted in mainly whites, the associations need to be examined in other race/ethnic groups.
In conclusion, we found that a high intake of phosphatidylcholine, which could lead to a higher production of TMAO, was significantly associated with an increased risk of all-cause and CVD-specific mortality, in particular among diabetic patients.
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